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Introduction
setup was designed to ensure that only the photons yielding from the plasma reactions 80 close to the electrode center were measured. Besides the OES measurement the self-bias 81 voltage of the powered electrode was measured during the discharge using the integrated 82 control system of the PEALD reactor. 
87
where n e and n n are the densities of the electrons and neutral species, respectively, 88 v = v e is the electron velocity, (v) is the process cross section, and f e the 89 electron energy/velocity distribution function (EEDF/EVDF). In this work all the rate 90 coe cients h vi were calculated assuming a Maxwell-Boltzmann EVDF: 92 where kT e is the electron temperature. From (1) and (2) (3) 95 The rate coe cients from (3) were solved numerically for the electron-molecule collision 96 processes corresponding to the detected optical emission lines in the plasma using the 97 cross sections (v) reported in the literature. between 150 and 300 W. However, at high delivered powers (>250 W) the low-intensity 143 mode was susceptible to undergo a transition to high-intensity mode within the plasma 144 pulse regardless of the capacitor tuning. It was also observed that the increase in the 145 optical emission intensity was accompanied by a significant increase in the measured 146 self-bias voltage shown in figure 3. The di↵erence in the self-bias voltages between the 147 two modes was also observed to increase when the pressure was decreased. intense atomic emission lines and molecular emission bands identified. The spectrum 151 in the low-intensity mode is dominated by the 2p 3 5 P ! 2p 3 5 S and 2p 3 3 P ! 2p 3 3 S 152 transitions of atomic oxygen at 777 nm and 845 nm, respectively, whereas in the high-
153
intensity mode the spectrum is dominated by the emission by electronically excited N 2 154 molecules. are several orders of magnitude higher than the rate coe cients of the DEA process 186 up to ⌫=10. Hence, it can be expected that these higher vibrational levels are heavily 187 populated, subsequently increasing the total volumetric rate of the following dissociation 188 processes.
189
The high intensities of the O ⇤ decays (2p 3 5 P ! 2p 3 5 S for 777 nm and 2p 3 3 P ! Figure 7 . The rate coe cients for the total ionization of O 2 and N 2 and the excitation rate coe cients of B 3 ⇧ g and C 3 ⇧ u states illustrated against the rate coe cients of the O 2 DEA process at vibrational levels ⌫=0, 5, and 10.
in (1) . In this case the neutral N 2 is always more abundant than O 2 , i. e. n n,N 2 > n n,O 2 , 225 due to the flow ratios of the plasma and process gases, which slightly decreases the 
intensity plasma mode (HI), and one with direct plasma with the grid removed. It 250 was observed that with the direct plasma the plasma was invariably ignited in the low-251 intensity mode, independent on the matching network tuning. Figure 13 . Thicknesses of the 1000 PEALD cycle TiO 2 films deposited with remote low-and high-intensity mode plasma (LI and HI, respectively), and direct plasma, measured as function of distance of from the reactor center.
In the case of the TiO 2 films the elemental composition, characterized using ToF-335 ERDA, was independent on the deposition plasma mode (table 2) . All the films, 336 including the films grown with direct plasma were close to the stoichiometric TiO 2 , surface, as seen both in the XRD pattern ( figure 14(a) ) and HIM micrograph (figure In thermal ALD a temperature of 150 C has typically been considered as the where the conditions are similar to the direct plasma is formed on the deposition surface.
372
This so called "parasitic" discharge between the grid and the substrate can be associated 373 to the existence of a and g modes in the CCP. As described earlier, the a and g modes indicating increased plasma density and electron energy due to increased power density.
398
The uniform thicknesses of the PEALD films deposited in the low-intensity mode, 399 both with remote and direct plasma configurations also illustrate the uniformity of the 400 discharge. In the remote PEALD the ions passing through the grid holes lose their energy 401 or recombine in the collisions in the gas volume between the grid and the deposition 402 surface, and thus the film growth is governed mainly by the neutral plasma radicals.
403
In the direct plasma conditions the energy of the bombarding ions, which is largely 404 defined by the plasma potential, provide additional energy to the film growth, i. e. by 405 enhancing the crystallinity [63] and growth rate.
406
The connection between the observed high-intensity mode and the g mode can also 407 be vindicated. The increase in total optical intensity implies a surge in the energy density 408 of the plasma. Similar drastic increase in the overall emission intensity in the case of a-g as seen in the deposited films, but the e↵ect was visible also in the setup where the 452 gas feed was divided uniformly through the showerhead area. This kind of "hot spot" 453 e↵ect, following the increase of the plasma power in the similar CCP PEALD setups has 454 also been reported earlier [8] . However, the gas feed distribution had no e↵ect in the a 455 mode, and all the films deposited either with remote or direct plasma configuration had 456 uniform thicknesses independent on the gas feed. In the direct plasma conditions the 457 discharge did not develop into the g mode within range of the applied power, regardless 458 of the matching network tuning. This is most likely due to the surface properties of the 459 silicon substrate that did not allow the secondary electron yield required for the g mode presence of the di↵erent plasma modes is important to acknowledge in the materials 483 processing applications, as the transition to g modes sets an upper limit to the delivered 484 power/applied RF voltage in the cases where the uniform discharge is appreciated. The reduction of the bulk electron temperature associated with the plasma mode 526 transition from a to g mode can be expected to cause the plasma resistance to increase 527 despite of the higher local electron density. The e↵ect to the resistance is further 528 enhanced due to the contracted discharge area in the g mode.
